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ABSTRACT
An increasing amount of virtual reality (VR) research is carried out
to support the vast number of applications across mental health,
exercise and entertainment fields. Often, this research involves the
recording of physiological measures such as heart rate recordings
with an electrocardiogram (ECG). One challenge is to enable re-
mote, reliable and unobtrusive VR and heart rate data collection
which would allow a wider application of VR research and practice
in the field in future. To address the challenge, this work assessed
the viability of replacing standard ECG devices with a photoplethys-
mography (PPG) sensor that is directly integrated into a VR headset
over the branches of the supratrochlear vessels. The objective of
this study was to investigate the reliability of the PPG sensor for
heart-rate detection. A total of 21 participants were recruited. They
were asked to wear an ECG belt as ground truth and a VR headset
with the embedded PPG sensor. Signals from both sensors were
captured in free standing and sitting positions. Results showed that
VR headset with an integrated PPG sensor is a viable alternative
to an ECG for heart rate measurements in optimal conditions with
limited movement. Future research will extend on this finding by
testing it in more interactive VR settings
CCS CONCEPTS
•Human-centered computing→ Virtual reality; •Hardware
→ Digital signal processing.
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1 INTRODUCTION
Virtual reality (VR) has found its way into mainstream research and
its use is steadily increasing due to numerous benefits, such as pre-
cise control over stimuli, ability to display objects in 3 dimensions
[17] and increased ecological validity [12] to name a few. Many
studies have quantified the affective responses to VR environments
using biosensors [1, 9, 15, 18]. ECG measurements, via individual
sensors on the chest or integrated in a belt set-up, have been a
standard practice for heart rate measurements [2]. However, an
ECG device in addition to the VR setup, can be cumbersome in a
typical VR research lab setting because the ECG device must be
put on separately, and a researcher needs to ensure correct and
consistent positioning of the sensors. Some studies have explored
the idea of using and visualising emotions for enhanced user be-
havior analysis [6] which integrated sensors could help facilitate.
ECG measures electrical signals produced by the heart with each
contraction through electrodes placed on the skin. PPG sensors
detect blood volume changes by measuring the amount of light
absorbed or reflected by the skin. This changes throughout the
cardiac cycle due to the pressure pulse of blood being pumped by
the heart. Our team in collaboration with Emteq [10] explored the
integration of PPG sensors into a soft mask that can be used as
an insert for a commercial VR headset. The careful integration of
the PPG sensor into the VR headset, reduces the strenuous posi-
tioning of additional devices for heart rate data collection, which is
prone to human error, making the setup process significantly less
complicated for the experimenter. This process could reduce the
sensor set-up time required per participant and enhance the overall
user-experience, by limiting obtrusiveness of additional sensors on
the skin of the wearer.
The Covid-19 pandemic of 2020 caused major disruptions to
research-intensive institutions and forced a transition to remote
working model [13]. Remote data collection might be the only feasi-
ble option for many researchers in near future. With standard ECG
devices, equipment setup would have to be done by the participant
with advised virtual oversight from the experimenter [7] but this
can lead to misplacement of electrodes which can cause reduced
signal-to-noise ratio as well as data misinterpretation due to signal
distortions [5]. This ease of use of a VR headset with integrated
PPG sensor could be of a great benefit to researchers working with
any VR application where heart data needs to be collected. It would
also enable remote heart rate data collection where previously, ob-
trusive devices requiring technical understanding, not be practical
in a remote setting had to be used.
2 RELATEDWORK
Although not often used in affective neuroscience and VR research,
PPG is a well-established, low cost and non-invasive method of
collecting heart rate measures (e.g. beats per minute (bpm)). PPG
sensors are already in common use today in medicine, research,
athletic monitoring and everyday personal devices [4]. New appli-
cations for this technology such as early diagnosis of cardiovascular
disease are continuously being identified [3]. PPG sensors are most
effective when placed on specific parts of a human body (finger,
earlobe and forehead). This is due to the different characteristics
and distribution of blood vessels that are used by light emitting
sensors which measure changes in light absorption. The biggest
challenge for the reliable recording of heart rate is the reduction
of noise caused by motion artefacts. The forehead has a rich blood
supply from supratrochlear and supra-orbital arteries and veins.
This, plus the relatively stable platform afforded by the underlying
boney structure and the thinness of the skin, could help reduce
these artefacts [16]. Researchers have identified methods for detect-
ing segments in the signals where motion artefacts are present by
using data obtained from a motion sensor and by taking advantage
of slow changes in statistical values of heart rate features used to
exclude outliers [14]. PPG signal processing and feature extraction
have been continuously optimised with the aim of identifying most
optimal filters and pre-processing steps under different conditions
[8]. An earlier version of the mask used in this study was previ-
ously reported in a study which investigated the ability to detect
arousal levels with ECG and PPG when participants watched af-
fective and neutral videos [11]. Findings from that study indicated
that arousal discrimination was slightly worse with the PPG sensor
compared to the ECG device. That study, however, did not anal-
yse heart rate (bpm) for each signal. Instead, it focused on arousal
classification from derived metrics. The aim of the current study
was to directly compare the accuracy of heart rate measurement (in
bpm) collected by the ECG belt and a PPG sensor located at a new
improved position (supratrochlear vessels), which was integrated
into the EmteqPro VR headset.
3 EXPERIMENTAL SETUP
This experiment aimed to establish the feasibility of replacing com-
monly used ECG devices like a chest belt for heart rate monitoring
with a VR headset integrated PPG sensor. This study has built on
previous work by using a new, higher resolution PPG sensor, an
improved fit of the mask and a better PPG sensor location.
3.1 Participants
For this study, 21 participants were recruited (14 males, 6 females).
Of those, four participants were excluded due to noisy data and
one because the recording duration was too short. The remaining
16 participants had a mean age of 25.81 years (SD: 6.4, range: 19-
43 years). Participants filled in a short demographics survey and
a survey to screen for mental or physical conditions, as well as
any medications that could affect heart rate levels. The study was
conducted in accordance to the Declaration of Helsinki and all
participants signed a consent form having read an information
sheet.
3.2 Equipment
3.2.1 Headset with mask. Figure 1 shows the latest iteration of
Emteq’s EmteqPro v1.0 system attached to HTC VIVE VR headset.
It featured EMG, PPG and IMU sensors. This system comes with
proprietary software which allows synchronous streaming and data
recording onto a PC via Bluetooth.
Figure 1: EmteqPro v1.0 attached to HTC VIVE headset.
3.2.2 ECGBelt. Custom-built ECG belt worn by participants around
their chest (upper abdomen area) for ECG data collection at a sam-
pling rate of 1000 Hz (same refresh rate as PPG made direct com-
parison easier) to a PC via Bluetooth.
3.2.3 PPG sensor. Commercially available 1000 Hz pulse oximeter
and heart rate sensor from OSRAM Opto Semiconductors GmbH.
It is designed and optimised for wearable and mobile device.
3.3 VR environment
Figure 2 shows a screenshot of the virtual space used for data
collection. It consists of a dark environment with a sun rising on
the horizon, with grid lines around the floor and no sound. It is part
of the SteamVR ecosystem and is used as a default menu and loading
screen. No controllers were used by participants. This environment
did not include any animations or interactable objects to minimise
participants response and allow for baseline data to be captured.
Figure 2: SteamVR default lobby (image lightened).
3.4 Procedure
Once the equipment had been securely placed on each participant,
the signal quality of both sensors was assessed by looking at the real
time signal and their fit adjusted until quality was satisfactory. No
controllers were used for this data collection and participants could
place their hands wherever felt most comfortable. Participants were
instructed to try and relax, act naturally but try to move as little as
possible and look directly ahead. Participants were then asked to
sit comfortably in an office chair at which point, data started being
recorded. After just over one minute, participants were asked to
stand up while still trying to keep a neutral facial expression and
look straight ahead. Data while standing was also recorded for just
over one minute. Once data collection has finished, participants
were asked to rate their arousal, valence, and stress levels using a
9-point rating scales after the experience.
4 ANALYSIS
4.1 Signal processing
4.1.1 ECG. Butterworth highpass filter (4th order, cutoff: 0.7Hz)
was used to filter out any noise below the minimum heart rate.
Butterworth lowpass filter (3rd order, cutoff: 10Hz) was used to
filter out frequencies where electrical and muscle artefacts and
noise are likely. The first 3 seconds and the last 1 second were
removed to avoid filtering artefacts. Then, heart rate peaks were
detected using a filtered signal 1st order differential.
4.1.2 PPG. A more restrictive Butterworth lowpass filter (6th or-
der, cutoff: 5Hz) was used to try and filter electrical and movement
artefacts. The first 3 seconds and last 1 second were removed to
avoid filtering artefacts. Signal was detrended by subtracting the
best straight-fit line to emphasise features, and a moving average
with time window of 10 ms was applied to the smooth out the
signal.
5 RESULTS
As expected, subjective ratings (1-9) collected for 13 out of 16 par-
ticipants indicated low arousal (M=2.38, SE=0.33), neutral valence
(M=4.38, SE=0.27), and low stress levels (M=1.84, SE=0.19) during
the recordings. There was no correlation between subjective ratings
and any of the heart rate measures. Moderate correlation between
arousal and stress was found, p=.585. The signal-to-noise ratio was
visually inspected for the PPG and ECG data. Peaks were easily
identifiable in 16 selected participants, out of 21 participants. Base-
line experiment was divided into sitting and standing. The findings
in Figure 3 show means ± SE for these two positions, and the com-
bined total. Results from Shapiro-Wilk normality tests of ECG and
PPG beats per minute showed that all measures were normally
distributed (p>0.05 for all conditions). Kendall’s tau-b correlation
coefficients showed that ECG and PPG signals are highly corre-
lated for the combined, sitting and standing conditions, with p<.000
for each condition. When comparing ECG heart rates for the sit-
ting (M=72.8 bpm, SE=2.86) and standing (M=85.6 bpm, SE=3.07)
conditions, participants’ heart rate was significantly increased by
12.8 bpm in the standing condition, t(15)=4.94, p=<.000. Heart rate
comparisons for the PPG measurements were similar. Again, when
comparing the sitting (M=73.29, SE=2.88) and standing (M=85.32,
SE=3.12) conditions, the heart rate in the standing condition was sig-
nificantly increased by 12.02 bpm compared to the sitting condition,
t(15)=4.36, p=.001.
Figure 3: Heart Rate (bpm) measurements with ECG and
PPG sensors.
Additionally, ECG and PPG signals for both conditions were
divided into time segments of 10 seconds with a 5 second sliding
window. Data was divided with this method into 8 separate sections.
The same filtering, peak detection and BPM algorithms were used
as described above to calculate heart rates (bpm) for each window
separately. Figures 4 and 5 show mean heart rates for each time
window. A repeated measures ANOVA with the factors recording
methods (ECG vs PPG), condition (sitting vs. standing) and time
window (1-8) revealed no significant difference between the ECG
and PPG methods in heart rate measures, F(1,15) = .010, p=.923.
Sitting vs standing condition were significantly different F(1,15)
= 19.79, p<.001. Finally, the ability to detect a difference between
sitting and standing did not significantly differ between recording
methods, F(1,15) = 4.45, p=.052.
6 DISCUSSION AND CONCLUSIONS
The aim of the current study was to verify the ability to reliably
detect heart rate changes with a PPG sensor embedded in a VR
headset. Results indicate that, in optimal conditions, a PPG sensor
can effectively replace a standard ECG belt, as heart rate measures
were almost identical for both methods. Strong correlation between
PPG and ECG signals was found, confirming the viability of the
Figure 4: Mean ECG BPM values for sitting and standing.
Figure 5: Mean PPG BPM values for sitting and standing.
used hardware and software. Both signals showed the expected
significant increase in heart rate (bpm) going from a sitting to a
standing position, confirming the viability of both methods to de-
tect heart rate variations with changing positions. Both recording
methods were equally sensitive to this change (Figure 3). The same
was true when sliding time windows of 10 seconds duration were
used. Again, heart rates did not significantly differ between the ECG
and PPG recording methods and between the sitting and standing
conditions (Figures 4 and 5). In the standing condition, heart rates
visibly increased initially to then slowly reduce over time. This can
be explained by the initial increase in a metabolic demand caused
by the action of standing up and thus increasing the heart rate
momentarily. Once the metabolic demand has been satisfied and
the body has acclimatised to the new standing position, heart rate
settled down to the new baseline. However, this approach has some
limitations. Firstly, PPG sensors do pick up more noise when the
device does not fit snugly on the face, as evidenced by the number
of participants that had to be excluded. Secondly, when looking at
individual time windows, some participants were found to have
elevated heart rates in the PPG compared to ECG signal, usually
explained by movement artefacts that were not present in the ECG.
PPG heart rate values quickly returned to the ECG equivalent once
the noise has subsided, i.e., usually within the next 10 second time
window. Non randomised order of the two conditions (sitting then
standing) could have potentially affected standing results due to
habituation. Studies with a balanced gender participant pool as
opposed to our male favouring gender distribution bias, could po-
tentially report different BPM values due to the differences in the
cardiac functions between the genders. Lastly, the environment
used in this study had neutral valence, low arousal and low stress
levels as intended for the purpose of baseline data collection, which
leads us to the future work section.
7 FUTUREWORK
The aim of the study was to investigate whether it is possible to
replace obtrusive ECG devices with a PPG sensor built into a VR
headset. Results have shown that when good quality PPG signal
is captured, it is a very reliable method of obtaining heart rate
measures. However, the quality of the PPG signal degrades under
conditions when the device does not fit snugly on the face or when
the user moves excessively. The susceptibility of the PPG sensors to
motion artefact is well recognised. Indeed, even devices such as the
Apple Watch do not measure heart rate during vigorous motion,
with measurement only taken when the inertial sensor detects low
amplitude movements. It was important to establish optimal oper-
ational conditions for measuring high quality facial PPG signals
before moving on to more interactive VR experiences, involving
walking. Movement artefacts occurring in these interactive expe-
riences require additional processing such as filtering and outlier
removal in order to achieve reliable heart rate measurements. Since
this study was performed in 2019, the facial interface has been
already redesigned to optimse the sensor position and allow for
different face sizes to reduce motion artefact. In addition, accelerom-
eter data collected by the IMU sensor integrated into the mask can
be used to detect periods of increased movement to help identify
motion artefacts. Data captured by the included PPG proximity
sensor (how close is the sensor to the face of the user) can also pro-
vide insights into which parts of the data are likely to be unreliable.
Poor quality signal could be avoided by monitoring real time data
during the recording. In addition, an automated signal monitoring
process could let users know about the problem to enable them to
adjust the fit. This continuous monitoring could greatly increase
the reliability of the PPG signal and solve the problem of having
to exclude a proportion of participants. Any studies requiring the
collection of heart rate in VR could benefit from this approach
as it can be easily integrated into VR headsets without having to
add obtrusive ECG devices. Health monitoring is another potential
application as the amount of time we spend in VR continues to
increase. Consistent and reapeated use over a long period of time
could provide an insight into long term health changes. Adaptive
VR experiences where environmental parameters are changed in
response to user’s heart rate would benefit greatly by being able to
accurately detect this data directly from the headset. Easy access
to heart rate features aids the development of multimodal affect
recognition models for VR, where different physiological signals
are used in combination together to determine user’s affective state.
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